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A Long-Term In Vitro Silicon-Based Microelectrode- 
Neuron Connection 
WADE G. REGEHR, MEMBER, IEEE, JEROME PINE, AND DAVID B. RUTLEDGE, MEMBER, IEEE 
Abstract-A new method for long-term recording and stimulation 
applicable to cultured neurons has been developed. Silicon-based mi- 
croelectrodes have been fabricated using integrated-circuit technology 
and micromacbining. The chronic connection is made by positioning 
the tip of the “diving-board electrode” into contact with the top of the 
cell body. The electrode support structure is then glued to the bottom 
of the culture dish. Two-way electrical connections to Helisoma B19 
neurons have been maintained for up to four days. This capability 
makes it possible to conduct experiments that are not practical using 
conventional techniques. 
I I INTRODUCTION 
ELL-CULTURE techniques, in which neurons are C grown in the artificial environment of a tissue culture 
dish, provide a powerful tool for answering fundamental 
neurobiological questions. Stimulating and recording from 
neurons is greatly simplifie,d because the individual cells 
are visible and accessible, the biochemical environment 
is easily manipulated, and the nervous system can be 
greatly simplified. A number of interesting questions 
could be approached with techniques enabling a long- 
term, two-way electrical contact. 
There are several ways to make electrical contact with 
a cell. A method that provides an excellent signal-to-noise 
ratio is inserting a glass electrode with a submicron tip 
into the cell. Another way to make electrical contact is a 
whole-cell patch to the cell [ 11. A glass pipette a micron 
or more in diameter contacts the cell and a good seal is 
obtained by applying suction. It is then possible to break 
down the membrane beneath the patch and get inside the 
cell. However, these intracellular techniques have several 
disadvantages: it is difficult to maintain a connection for 
more than a few hours, establishing and maintaining a 
connection often damages the cell, and it is not generally 
practical to use more than two electrodes simultaneously. 
Extracellular electrodes can also stimulate and record 
from cultured neurons. Cells have been grown on spe- 
cially-prepared dishes with a multielectrode array pattern 
[2]-[6]. Such methods are noninvasive; they have been 
used successfully to stimulate neurons [4]-[6], and to re- 
cord action potentials from cultured neurons for periods 
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of weeks [3]. However, this technique is not sensitive to 
subthreshold synaptic signals. Furthermore, it may be dif- 
ficult to interpret recordings since it is possible to record 
from several cells simultaneously, and a current pulse 
passed through an electrode may stimulate more than one 
cell. 
It is also possible to stimulate and record by a loose- 
patch method [7] that does not break down the membrane 
[Fig. l(a)]. This method is noninvasive, but it is still dif- 
ficult to maintain the connection for long periods of time, 
and to communicate with more than two cells simulta- 
neously. In special circumstances, it is possible to use 
multielectrode dishes in a manner similar to the loose- 
patch method by growing a neuron over an electrode in 
such a manner that a stable seal forms between the cell 
and the electrode [5], [8]. 
The electrode developed here is a silicon microdevice 
used in a manner similar to a loose-patch electrode [Fig. 
l(b)] . Each electrode is manipulated into place and is then 
glued to the bottom of the tissue culture dish. A seal is 
made between the lower surface of the electrode and the 
cell in the same way that a seal is made to the bottom of 
a glass pipette, although suction cannot be applied when 
using this device. This establishes a one-to-one connec- 
tion between a device and a cell for both stimulating and 
recording. A long flexible arm (the “diving board”) 
makes gentle contact with the cell, while its silicon sup- 
port pedestal is permanently mounted to the bottom of the 
culture dish. A gold strip sandwiched between two insu- 
lating layers leads to the cup-shaped structure at the end 
of the diving board. Here the diving board makes a seal 
to the neuron and electrical contact is made by a platin- 
ized gold electrode. An insulated gold wire extends ver- 
tically from the pedestal out of the solution to connect to 
the electronics. Diving-board electrodes can be succes- 
sively positioned on several neurons of a culture, and then 
used for long-term multielectrode recording and stimulat- 
ing. 
11. ELECTRODE FABRICATION 
Integrated-circuit technology and micromachining of 
silicon provide powerful tools to fabricate microdevices 
[9]. Such methods have the advantage of being well es- 
tablished for use in the semiconductor industry, and allow 
batch fabrication of many devices on one wafer with fea- 
ture sizes down to a micron. The diving-board electrode 
is made by a five-mask process (Fig. 2). The first mask 
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Fig. 1. (a) Schematic view of a conventional glass micropipette patch 
electrode being used to record from a cell. (b) Diving-board electrode in 
contact with a cell. 
6 Wire Bond and Final 
Etch 
oold wire 
7 Insulate Wire bond polyimide tube 
and Platinize 
platinum black/ 
Fig. 2. Fabrication procedure for the diving-board electrode. 
defines the cup structure. The outer rim of this cup forms 
the seal with the cell, and the cup must be deep enough 
to keep the metal surface away from the surface of the 
cell. The silicon is etched to a depth of 3 pm using an 
isotropic silicon etch 100 parts HN03, 100 parts 
CH3COOH, and 15 parts HF [lo]. Once this cup structure 
is defined it is necessary to use a thick photoresist with 
good step coverage; a 3 pm thick layer of Shipley 1400- 
37 photoresist is compatible with 3 pm cup structures and 
2 pm line widths. 
The second mask defines a pedestal to which the wire 
bond is attached, and which is glued to the bottom of the 
culture dish. While the pedestal should be mechanically 
strong, it cannot be thicker than a cell (10-50 pm). The 
height is determined by a boron etch-stop process [ 111- 
[13]; therefore, working with very thin substrates is un- 
necessary. A 1 pm thick thermal-oxide layer is grown and 
then patterned with buffered HF to define the intended 
pedestal area. This is followed by boron diffusion for 10 
h at 1170°C in a 5 percent 0 2 / 9 5  percent N2 atmosphere 
that heavily dopes the substrate to a concentration ex- 
ceeding 5 X loi9 cmP3 to a depth of 10 pm. This defines 
the pedestal. The boron-glass layer on the surface of the 
wafer is removed by oxidizing for 1 h at 1100°C in dry 
O2 and etchjng with buffered HF. 
A 1000 A thermal oxide layer is grown at 1000°C in 
steam for 10 min. The third mask defines the contact hole. 
In addition to being important for its insulating proper- 
ties, this thin oxide is important because it touches the 
cell. This surface is a high-quality glass, which seems im- 
portant for high-resistance seals comparable to those of 
patch pipette!. 
Next 100 A of chrome, 800 A of gold, and 100 A of 
chrome are successively evaporated on the wafer, and the 
fourth mask defines the metal pattern. The top layer of 
chrome is etched with Transene chromium mask etchant 
for 15 s; the gold is removed in 30 s in Transene TFA 
gold etchant diluted 1 : 4 with water [14]; followed by an- 
other 15 s in the chrome etch. 
1 pm of silicon oxinitride is deposited by plasma en- 
hanced chemical vapour deposition (PECVD) to form the 
top insulating layer [15], [16]. This layer determines the 
mechanical properties of the diving board, as well as de- 
fining tabs that later hold the electrodes in place to protect 
them from damage. The final mask patterns this top in- 
sulating layer, which is etched in a 85 percent CF4/15 
percent O2 plasma [17]. A 7 pm thick layer of A24770 
photoresist is used for this step to insure protection of the 
cap region during the plasma etch. 
The wafer is scribed and broken into 4 X 20 mm pieces, 
each of which is glued to a piece of glass. A wire bond is 
made from a large gold bonding pad on the piece of glass 
to each of about 40 devices. The bonds are made of gold 
so that they will survive the next etching step. The wafer 
is then etched in an ethylenediamine, pyrocatechol, and 
water (EDP) solution [18], [19]. This etch attacks differ- 
ent silicon planes at different rates, and etches ( 111 ) 
planes very slowly. Furthermore, it does not attack regions 
that are doped with boron to levels in excess of 5 X 1019 
cmP3. After 3 h in EDP at lOO"C, the undoped silicon is 
completely etched from beneath each electrode. Fig. 3 
shows the device after the EDP etch. Each electrode is 
teniporarily licld 10 the whstrste by il drcoti oxinitride 
Each debice ih  separated from the wafer and the \<ire 
grill. 
bond ts inrulated. Each lead wire is manually loaded into 
a pcdyimide tube (Polymictu Technologies, Phoenix, AX: 
i d. 120 p m .  o.d. 150 pm) and the wire bond is insulated 
by painting with negative photoresist. This polyimide tube 
can bc held by tweeEers and placed without compromising 
the mulalion. The final step is to electroplate the elec- 
trode a t  the bottom of the diving board with platinum 
black. to produce a low-impedance contact to the electro- 
lyte [20]. 1211. By electroplating with a current of 2 nA 
(about 10 iriA/cm') for 15 s the electrode impedance at 
1 KHz drops from 25 MQ to below I MQ. while the plat- 
inurn remains thin enough that it does not interfere with 
the seal. 
Fig. 4 ahows scanning electron micrographs of the cup 
structure. and an overview of a finished electrode. It takes 
an average ot about 45 min to fabricate and test each de- 
vice. Defective electrodes are eliminated on the basis of 
optical observations, and impedance measitrements made 
before platinization. Satisfactory electrodes can be reused 
ceveral time\. 
H I .  MECHAUIC'AL, PROPER.( IL:S 
11.t additioti to considering the electrical properties of 
the diving- board electrode, i t  is necessary to take into ac- 
count i t s  mechanical properties. A relatively flat diving 
board i s  necessary: it enables simultaneous contact be- 
tween the pedestal and the culture dish and between the 
electrode tip and the neuron and it makes the electrode 
exert a f c m e  directly downward on the cell, so the cell 
will not be pushed out from beneath the diving board. 
€.lowver. there are stresses in each layer which may 
bend thc diving hoard. This is illustrated in Fig. 5 ,  which 
s h w a  a cuntilever of length 1 that is composed of two 
layera of thickness d,  and d2. The Young's modulus of 
the thick layer is given by VI and the Poisson's ratio is v j .  
A streas CJ in layer 2 bends the beam an amount 6. For 
atwall deflections and rll >> rl-, [22], we can write 
31'('1 - v , > o c ~ ~  
f i =  ( 1 )  Y ,  (If 
In our electrodes. the thick layer is ailicon oxinitride. 200 
prn long and 1 pnm thick. Young's modulus Yj 1 X loL2 
dynicm' j23) and the Poisson ratio vi  is 0 . 2 .  If d2 = 0.2 
prn a stress typrcd of insulating dielectrrcs of (T = 5 x 
10" dyn/cm?, would cause an unacceptably large beam 
deflt.ction of 100 pni. If the stress is compressive it will 
c:iust' the cantilever to bend up as in the diagram, while 
if the stress is tensile the cantilever will bend down. 
'The present fabncation technique minimizes the deflec- 
t ion of the cantilever in two ways. First, the silicon- 
oxinitride layer is rnade very rigid compared to the other 
two layen b?, making it much thicker than the gold and 
the oxide layer, and by making the surface areas of the 
gold and the silicon dioxide layers small compared to the 
w f a c e  areu of the oxinitride layer. Second. rhe stress of 
the deposited layers is empirically adjusted to minimize 
thc henm dedection. It is difficult to change the stress in 
the gold and silicon-dioxide films in our electrodes, but 
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d* 
Fig. 5. Bending due to stress in a two-layer cantilever. 
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Fig. 6 .  Controlling the stress in oxinitride films by varying the flow rates 
of N 2 0  and NH, [23]. The films are deposited at 380°C on silicon. The 
x axis is the ratio of the N 2 0  flow rate to the total combined flow rate of 
N 2 0  and NH,. When this ratio is 0 the film is silicon nitride, and when 
this ratio is 1 the film is silicon dioxide. 
we can vary the stress in the silicon-oxynitride films by 
adjusting the ratio of oxygen to nitrogen in the film. This 
is done by varying the flow rates of N20  and NH3 during 
the PECVD process (Fig. 6). By depositing the silicon 
oxinitride layer at 380°C at a pressure of 1.5 torr, with 
flow rates of NH3/N20/SiH4 being 750/1500/250 sccm 
( [ N20 ] / [ N20 + NH3 ] = 0.67 ), the deposited layer had 
a tensile stress of 1.4 X lo9 dyn/cm2 and the resulting 
diving-board electrodes are flat to a few microns. 
IV. ESTABLISHING THE CHRONIC ONNECTION 
The diving-board electrodes are manipulated into place 
while being viewed through an inverted microscope 
equipped with phase and epifluorescence optics. The 
polyimide handle of an electrode is held by fine forceps 
mounted in a holder that provides pressure to hold the 
electrode firmly until it has been glued to the bottom of 
the culture dishes. Then the pressure is reduced and the 
electrode is gently released without damaging the glue 
joint. The holder is mounted in a special manipulator that 
in addition to the standard x, y, z degrees of freedom, 
provides 0 and 4 control needed to make the diving board 
flat relative to the surface of the tissue culture dish. 
Once the electrode has been made flat relative to the 
culture dish, a metal needle is used to scratch the plastic 
where the pedestal is to be glued. A 50 pm diameter drop 
of glue is applied to the bottom of the tissue culture dish 
through a 10 pm diameter glass electrode using pressure 
to control the drop size. The glue is Electro-Lite Corpo- 
ration (Danbury, CT) 4481 that sets in ultraviolet light 
and adheres well under water to all plastics tested, but not 
to glass or the polylysine or collagen coated substrates on 
which cells are grown. This is why the procedure of lo- 
cally exposing the plastic is necessary. The adhesive is 
thinned with isopropyl alcohol so that it is easier to obtain 
small drops. After the glue drop has been applied, the 
electrode is placed with the pedestal in contact with the 
glue and the diving-board tip in contact with the cell. Once 
a seal resistance of several megohms has been obtained, 
the drop of glue is exposed to ultraviolet light from the 
mercury arc lamp of the epifluorescence illuminator. An 
iris is used to restrict the illumination to the glue drop and 
to prevent the cell from being exposed and possibly dam- 
aged. Based on physiological and morphological obser- 
vations, the gluing process does not harm the cell, and the 
glue is nontoxic. 
Electrical contact to the electrode is maintained during 
manipulation and gluing so that the seal resistance can be 
monitored. The culture dish has wires extending to the 
interior through holes in the side, and has a Ag/AgCl 
reference electrode mounted to the side of the dish. A 
flexible 25 pm gold wire bond is at the end of each wire. 
When the electrode has been positioned near the cell a 
conductive graphite paint TV tubecoat is used to connect 
the wire from the diving board electrode to one of the 
wires connected to the side of the dish, which are in turn 
connected to the external electronics. When the device 
has been glued it is possible to position the next diving- 
board electrode. When all the electrodes are mounted, the 
lid the dish is covered and the diving-board electrodes are 
ready for long-term experiments. Fig. 7 shows a diving- 
board electrode in contact with a cultured neuron from the 
snail Helisoma. 
V.  STIMULATING AND RECORDING WITH DIVING-BOARD 
A.  Equivalent Circuit 
The operation of the diving-board electrode is very 
much like that of a loose-patch electrode [7]. Fig. 8(a) 
shows a schematic of an electrode in contact with a cell 
and an electrical equivalent circuit. The shunt resistance 
Rsh is greater than 1 Gn and shunt capacitance C,, is ap- 
proximately 10 pF, so that for a low seal-resistance the 
shunt impedance can be ignored. The electrode impe- 
dance Z ,  depends upon the type of electrode used. In the 
case of a glass loose-patch electrode it is essentially re- 
sistive and varies between 100 kQ and 1 MQ. For the metal 
diving-board electrode, the impedance Z, varies as the 
area of the exposed metal and is primarily capacitive. It 
is desirable to have a low electrode-impedance for three 
reasons. First, it facilitates measuring the seal resistance. 
Second, a low impedance electrode reduces the Johnson 
noise and increases the signal-to-noise ratio of the neural 
ELECTRODES 
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Fig. 7. Diving board electrode in chronic electrical contact with a Heli- 
soma B19 neuron. The pedestal is glued to the bottom of the culture dish 
and the electrode tip is in contact with the cell body. 
P 
recordings. Third, a low impedance electrode helps avoid 
the problem of gas evolution when stimulating. 
The patch region beneath the electrode in Fig. 8 is made 
up of a layer of membrane with a capacitance estimated 
by assuming a membrane capacitance of approximately 1 
pF/cm2 [25]; therefore, C,, is 1 pF for a 100 pm2 patch. 
Spanning this membrane are n different channel types with 
electrochemical driving forces V ,  - V,. The resistance 
R, - - * R, corresponding to the each particular channel 
type are voltage and time dependent. The net resistance 
depends upon the channel densities, which is in general 
nonuniform over the cell and unknown in the patch re- 
gion. The whole-cell impedance Z,, is also voltage and 
time dependent. At the resting potential of the cell Zm2 
can be approximated by a capacitor and a resistor in par- 
allel. For Helisoma neurons B19 and B5, the resistance is 
typically about 50 MO and the capacitance 500 pF. 
The seal resistance RFeal should be as large as possible. 
It is determined by the conductance of the thin film of 
tissue culture medium between the rim of the electrode 
and the cell. For Helisoma, neurons seals of 1-5 MO were 
obtained. 
B. Recording 
Fig. 8(b) is an equivalent circuit of a diving-board elec- 
trode being used to record from a neuron. il - * in are 
the currents passing through each particular type of chan- 
nel, and i ,  is the current through the membrane capaci- 
tance. The recorded voltage Vou, is given by 
/ N \ 
N ( Vcell - Vchan) vout = c,, - + c ( ‘2’ chan= 1 
Vout = Vcap + Konic. (4) 
This expression has two components. Vcap is the differ- 
entiated intracellular voltage seen through the capacitance 
of the membrane under the electrode. For this signal to 
be large, the action potential must be fast. For the rising 
phase of the action potential, the value of dVcell/dt is ap- 
proximately 100 mV/ms for Helisoma B19 neurons and 
20 mV/ms for Helisoma B5 neurons. Assuming a mem- 
brane area of 100 pm2, and a seal resistance of 2 MO for 
Helisoma B19 neurons, Vcap = 200 pV, and for Helisoma 
B5 neurons Vcap = 40 pV. Vionic is due to ionic current 
flowing through channels open in the patch under the elec- 
trode. Signals recorded with the diving-board electrode 
have been primarily capacitive with the ionic component 
being small and variable in size. 
The signal-to-noise ratio can be determined by consid- 
ering the noise contributions. The primary source of noise 
is Johnson noise 
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where the R,,,, is the seal resistance, R ,  is the real part of 
the electrode impedance, k is Boltzmann's constant, T is 
the temperature, and B is the bandwidth in hertz. At 
300°C, for a 1 kHz bandwidth, a seal resistance of 2 MQ, 
and an electrode with a real impedance R, = 500 kQ, the 
corresponding rms Johnson noise is 6 pV. Therefore, for 
Rsea ,  = 2 MQ, Vc,,/ V,,,,, ( rms) z 30 for Helisoma B19 
action potentials, and Vca,/ V,,,,, (rms) = 6 for Helisoma 
B5 action potentials. 
Recording subthreshold signals will be difficult since 
the signals are typically small and slow. Furthermore, 
signals are difficult to interpret since the intracellular sig- 
nal is distorted by passing through the patch membrane. 
Very good seals are required in order to record sub- 
threshold signals. If a gigaohm seal could be obtained, 
then it would be practical to electrically break down the 
cell membrane beneath the cup and have essentially a 
chronic whole-cell patch recording. Diving-board elec- 
trodes have been used in this manner, but so far the seal 
resistances have not been large enough to prevent a de- 
terioration of the resting potential of the cell. 
C. Stimulation 
The equivalent circuit for stimulation is shown in Fig. 
8(c). It is generally true that a membrane depolarization 
of approximately 15 mV will fire a neuron. As a current 
pulse is applied through the electrode, most of the current 
passes out beneath the cup, with a small fraction passing 
into the cell through the patch and then out through the 
rest of the cell. For a stimulus current pulse Isti,,,, the volt- 
age applkd to the patch is Vpatch = Isti,,, Rseal assuming R,,,, 
<< Zml . A positive current pulse thus hyperpolarizes the 
patch membrane, and depolarizes the rest of the cell mem- 
brane. For stimulus pulses short compared to the time 
constant of the cell (which is typically z 5 ms.), the 
internal voltage change is approximated by 
(7) 
AtCml dVpatch 
A Vcell = -- 
Cm2 dt 
N +"( c ( Vcell - I/patch - I/chan) 
Rchan c,,,, chan= 1 
Since channel type and density beneath the patch is un- 
known it is difficult to predict the required stimulus cur- 
rent. 
Two constraints limit the amount of current that can be 
used for stimulating. First, if a voltage of greater than 
about 1 V is applied to a metal electrode, gas is evolved 
that kills the cells. An electrode can be approximated by 
a capacitor with a capacitance C,. A current pulse with 
amplitude I,,,, and duration At results in an electrode po- 
tential AV, = Zstim X A t / C e  which limits the total charge 
IAt useful for stimulating. Second, Ist,, must be kept small 
enough that Vptch remains less than about 300 mV or the 
membrane in the patch may be electrically broken down. 
This would damage the cell unless R,,,,st was much larger 
than the few megohms thus far achieved. 
tilation and recurding w r e  accomplished and understood 
with Ihc patch pipertc. a diting-hoard electrode was used. 
Cfther than the inherent electrical dilf'erences between liq- 
urd filled and metal elcctrotles, diving-board electrodes 
VI.  EL~KTKOUE, T STS 
Diving-board electrodes have been used pmiiaril!, ~ i t h  
kdentified Helisuma B5 and B19 neurons prepared t n  a 
manner that has been described elsewhere 1261. l'wo- 
electrode experiments were performed to undcrstand dc- 
vice operation. In preliminary experiments, a I?, gni glass 
pipette was substituted for the diving-hoard electrode. 
Experiments were performed with an intracellular elec- 
trode and a patch pipette recording froin the same cell. In 
this way, it was possible to compare the intracellular re- 
sponse with the response of the patch pipette. Once s t h -  
beha-ie like &ias pawh-elecmde\ of the same tip d i m -  
eter for both s t ~ ~ ~ ~ i l : i t i o n  and reucirding. 
A Rwording 
It I \  pro\dilr: t o  record action potentials with good sig- 
nal-to- noisc r m o h  with the seals obtained. but in order to 
record ~ ~ ~ t ~ r ~ s ~ ~ # l d  signals, the seal resistance needs to 
be greatly ~rnprovzd, In the experiment of Fig. 9 with the 
Jiving-hnard electrcxk mounted on top of a neuron, an 
intr;tc~kIl1liir cloctrode was used ttr stmulate using a cur- 
rent pul\e and tlre di\itrp-board electrode was used to re- 
cord the recultitrg dcticm potential. Signal-to-noise ratios 
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Fig. 10. (a) Stimulation of a Helisoma B19 neuron using a current pulse passed through a diving-board electrode to stimulate 
and recording using an intracellular electrode. (I,,,, = 100 nA, Ar = 5 ms, V,,,,, = 210 mV) (b) A diving-board electrode 
in electrical contact with a Helisoma B19 neuron. Calibration bar is 50 pm (I,,,, = 140 nA, Ar = 0.5 ms, Vpalch = 170 mV). 
24 h after the device was placed on the neuron an intracellular electrode was used to monitor the activity of the cell and 
current pulses passed through the electrode were used to stimulate the cell at 1 Hz and at 10 Hz. The stimulus current passed 
through the diving-board electrode is shown below the intracellular voltage record. The intracellular electrode was then re- 
moved while the diving board electrode continued to stimulate the cell at 1 Hz. At time r = 48 h an intracellular electrode 
was used to verify that the stimulus threshold had not changed. (c) A Helisoma neuron B19 stimulated by a diving-board 
electrode (I,,,, = 100 nA, Af = 0.2 ms, Vpatch = 210 mV). Since the stimulus is near threshold the resulting action potential 
is many milliseconds after the stimulus pulse and it can be recorded on the diving-board electrode. (R,,, ,  = 1.5 MQ, bandwidth 
100 Hz-l K H z ) .  
for action potentials recorded from Helisoma B 19 neurons 
were typically 20-100: 1, and for Helisoma B5 neurons 
Diving-board electrodes have been used to record spon- 
taneous activity from Helisoma B19 neurons for up to four 
days. Fig. 9(b) shows a diving-board electrode that was 
being used to monitor the spontaneous activity of a Hel- 
isoma B19 neuron for two days. Pictures at t = 0 h, t = 
4 h, and t = 24 h show normal cell growth. Fig. 9(c) is 




Diving-board electrodes have been used to stimulate 
Helisoma neurons. In the experiment of Fig. 10(a), a cur- 
rent pulse from a diving-board electrode was used to stim- 
ulate the neurons while an intracellular electrode was used 
to monitor the potential of the cell. Helisoma cells have 
been stimulated intermittently for up to four days, at which 
time the experiment was terminated. Fig. 10(b) shows a 
diving-board electrode that was placed on a cell at time t 
= 0 h. At 24 h, the cell was penetrated with an intracel- 
lular electrode to monitor the activity of the cell. Then the 
current pulses from the diving board and stimulated the 
cell was at 1 Hz and 10 Hz. The intracellular electrode 
was then removed and the cell was stimulated at 1 Hz for 
24 h. At that time, the cell was again penetrated to verify 
that the cell was still being stimulated and that the thresh- 
old had not changed. 
It is necessary to measure the evoked action potential 
to verify that the cell is being stimulated. While simulta- 
neous intracellular recording has been used, a less inva- 
sive method is preferable. The most desirable situation is 
to measure the evoked action potential with the same div- 
ing-board electrode used to stimulate the cell. The pri- 
mary difficulty is the large stimulus artifact which is on 
the order of 200 mV, much larger than the recorded action 
potential, which is on the order of 100 pV. There are two 
ways of solving this problem. The first is to increase the 
stimulus pulse very slowly; at threshold a late action po- 
tential is recorded many milliseconds after the stimulus 
pulse. Once threshold has been determined, the stimulus 
REGEHR et al . :  MICROELECTRODE-NEURON CONNECTION 1031 
pulse can be increased by 10 percent to obtain reliable 
stimulation. In Fig. 1O(c), Helisoma B19 is stimulated by 
a diving-board electrode and the response of the late ac- 
tion potential is recorded by the same electrode. The sec- 
ond solution, which has not been done yet, is to remove 
the stimulus artifact using a combination of digital and 
analog techniques [7]. 
C, Preliminary Studies on Vertebrate Neurons 
Preliminary studies have also been performed with dis- 
sociated rat superior’cervical ganglion neurons (SCG neu- 
rons) prepared using conventional techniques [27]. There 
are several factors that make working with SCG neurons 
more difficult than with Helisoma neurons: they are 
smaller (a diameter of about 25 pm for SCG neurons com- 
pared to about 50 pm for Helisoma neurons), the extra- 
cellular solution resistivity is lower by about a factor of 
three resulting in lower seal resistances, and SCG neurons 
are in general more delicate than Helisoma neurons. De- 
spite these difficulties, it has been possible to stimulate 
SCG neurons, and to record action potentials with a sig- 
nal-to-noise ratio of 10 :  1 (Rsea,  = 0.4 MQ).  Long-term 
stimulation and recording studies will be performed in the 
near future. The success of the diving-board electrodes on 
SCG neurons shows their versatility and indicates that they 
can be used with neurons 20 pm in diameter and longer. 
The devices can be scaled down for use with smaller neu- 
rons. 
CONCLUSION 
A new method has been developed to establish a chronic 
two-way, neuron-microdevice connection. It is a very 
good extracellular connection that is maintained without 
the need for a manipulator. It has the associated advan- 
tage of being noninvasive but with poor sensitivity for 
subthreshold events. Many experiments can be performed 
using the device in its present state. For example, the ac- 
tivity-dependence of neurite outgrowth [28] could be 
studied more extensively using this device which facili- 
tates noninvasive stimulation for longer times than are 
possible using conventional techniques, and spontaneous 
activity in cultured neurons can be chronically and non- 
invasively monitored. This is not possible using conven- 
tional techniques. There is also the future possibility of 
improving the seal resistance and obtaining a chronic con- 
nection similar to an intracellular connection. 
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